Introduction
Atherosclerosis, a multi-factorial disease influenced by genetic and environmental factors, represents one of the leading causes of death in industrialized society. As it is a slowly progressing disease, it is vital to find new treatments able to halt plaque progression and the underlying inflammatory substrate. 1 In this regard, chemokines and small chemotactic peptides represent a potential therapeutic target. 1 Recent evidence indicates that the chemokine stromal-cell derived factor-1 (SDF-1, also known as CXCL12) plays an important role in reparative processes by binding to the C-X-C chemokine receptor type 4 (CXCR4) on proangiogenic cells and leading them to sites of tissue damage. 2, 3 Among myeloid cells, the high expression of CXCR4 identifies transitional bone marrow precursors that replenish the mature monocyte pool for peripheral responses. 4 Here, the recruitment of Ly6C high monocytes has resulted essential in plaque regression through their proper differentiation into M2 macrophages. 5 However, the precise role of CXCR4/CXCL12 in atherosclerosis remains controversial. Pharmacological disruption of CXCR4 significantly aggravates diet-induced atherosclerotic lesion development in ApoE -/mice. 2 In addition, a common allele variant within the CXCR4 locus has been associated with atherosclerotic coronary heart disease. 3 However, it has been also reported that high expression of CXCR4 in mouse heart increases infarct size, reduces cardiac function and leads to recruitment of inflammatory cells. 6 Furthermore, expression of CXCR4 and CXCL12 is reportedly increased in Ly6C monocytes and macrophages within both stable and unstable carotid atherosclerotic plaques compared with healthy vessels, both at mRNA and protein levels. 7 Long-living individuals (LLIs) delay or escape atherosclerosisrelated cardiovascular disease (CVD). 8 We have previously found that LLIs are enriched for a longevity-associated variant (LAV) in BPI fold containing family B, member 4 (BPIFB4) and that LAV-BPIFB4, when compared with wild-type (WT)-BPIFB4, is more phosphorylated at serine 75 and more cytoplasmic (due to its gained capacity to bind 14-3-3), determining endothelial nitric oxide synthase (eNOS) activation through a calcium/PKCa-mediated mechanism. 9, 10 Notably, systemic delivery of BPIFB4 to rodents with arterial hypertension or limb ischaemia improved endothelial function, normalized blood pressure, and accelerated revascularization, thus supporting the novel concept of utilitarian transferability of the successful genetic programme of centenarians to the treatment of CVD. 10 We also gathered initial evidence that LAV-BPIFB4 exerts an immunomodulatory activity, reducing T cell activation possibly through interference with antigen presenting cells and the pro-inflammatory cytokines TNF-a and IL-1b. Furthermore, our previous study showed that mononuclear cells (MNCs) from LLIs are characterized by higher levels of BPIFB4 and reduced CXCR4 expression than non-healthy (frail) LLIs. 11 Interestingly, lower CXCR4 expression in MNCs from healthy LLIs is paired with greater membrane localization of CXCR4, 12 a hallmark of chemokine activation. In line with this finding, BPIFB4 knockout by siRNA blunted the migratory response of circulating pro-angiogenic cells to CXCL12. 10 These seminal findings led us to hypothesize that the transfer of LAV-BPIFB4 could be a viable means to interfere with the immune-inflammatory features of vascular atherosclerosis.
To test this novel hypothesis, we performed LAV-BPIFB4 gene therapy in ApoE -/mice fed a high-fat diet, and evaluated the impact on endothelial dysfunction and progression of the atherosclerotic disease, focusing on CXCR4-dependent monocyte polarization as a possible mechanistic mediator. Moreover, to assess the possible translational aspects of BPIFB4 in humans, we investigated the correlation between the plasma level of the protein and either carotid stenosis or intima media thickness (IMT) in two independent patient cohorts.
Translational perspective
As the main risk factor for cardiovascular diseases (CVDs) is progressive ageing of the population, unravelling the secrets of healthy ageing may be the only way to limit CVD disabilities. Here, we show that the favourable phenotype of long-living individuals can be transferred by gene therapy with the longevity-associated variant (LAV) of BPIFB4 to animal models. Indeed, the ability of LAV-BPIFB4 to finely tune endothelial function and pro/anti-inflammatory balance, as well as the fine correlation between a high BPIFB4 plasma level and a blunted atherogenic process in the clinical setting, makes LAV-BPIFB4 a suitable candidate tool for the treatment of atherosclerosis and its related CVD complications. 
Methods

Animal models
All animal studies were performed in accordance with approved protocols by the IRCCS Neuromed Animal Care Review Board and by the Istituto Superiore di Sanità, Rome (number: 1163/2015-PR) and were conducted according to EU Directive 2010/63/EU for animal experiments. Animal models' details and treatment are reported in Supplementary material online.
Cloning, vector production and in vivo gene therapy
Ten-week-old ApoE -/male mice were treated with 1 Â 10 13 GC/kg of AAV-GFP, AAV-WT-BPIFB4, or AAV-LAV-BPIFB4, as described in the Supplementary material online.
Echo-Doppler analysis
Detailed procedure is available in the Supplementary material online.
Histology and lesion analysis
Transmission electron microscopy and post-embedding immune-cytochemistry
Transmission electron microscopy method is available in the Supplementary material online.
Ex vivo transfection of mouse vessels
In vitro studies on human monocyte-derived macrophages
Cytokine detection
Cytokines were analysed by beads-based multiplex ELISA (LEGENDplex, Biolegend, USA) as described in the Supplementary material online.
Patient cohorts
The patient enrolled for the evaluation of carotid stenosis, intima-mediathickness, BPIFB4 plasma levels, and genotype characterization are described in the Supplementary material online.
Ex vivo studies of human vessels
The study protocol was approved by the local ethics committees of IRCCS Neuromed and done in accordance with the Declaration of Helsinki. All participants gave written informed consent. Institutional review board approval was obtained from IRCCS Neuromed (No. 20160106-1006). A detailed procedure is reported in the Supplementary material online.
Western blotting
Western blotting was performed on pooled protein extracts from mice vessels or on total segments of human vessels, as reported in the Supplementary material online.
Statistical analysis
Statistical analyses are available in the Supplementary material online.
Results
LAV-BPIFB4 reduces endothelial dysfunction
We examined the effects of LAV-BPIFB4 gene therapy in ApoE knockout mice, using GFP-and WT-BPIFB4-treated mice for comparison. Genes were delivered using adeno-associated viral (AAV) vectors injected into femoral arteries, with efficiency properly monitored in liver, myeloid cells, plasma, and vascular cells (Supplementary material online, Figures S1-S5 and Methods). In addition, each group was randomized to receive a CXCR4 antagonist, AMD3100, or vehicle to verify the effect of the receptor on the primary endpoints of the treatment ( Figure 1A) . The primary endpoint indicates no difference among groups with regard to KCl-or phenylephrine-induced vasoconstriction and endothelium-independent relaxation to nitroglycerine. Likewise, no difference was observed in the presence or absence of the CXCR4 inhibitor ( Figure 1B -D and Supplementary material online, Figure S6A -D). In contrast, vessels obtained from ApoE knockout mice treated with AAV-LAV-BPIFB4 showed a complete rescue of acetylcholine-mediated endothelial vasorelaxation both in mesenteric and femoral arteries ( Figure 1E and Supplementary material online, Figure S6D ). Interestingly, AMD3100, a non-peptide antagonist of CXCR4, abolished the beneficial effect of AAV-LAV-BPIFB4 gene therapy ( Figure 1E and Supplementary material online, Figure S6D ).
Western blot analyses of mesenteric arteries explanted from AAV-LAV-BPIFB4-treated mice showed an increase of total and phosphorylated (serine 75) BPIFB4 protein ( Figure 1F ). 9 Likewise, AAV-LAV-BPIFB4 increased the phosphorylation of eNOS at serine 1177 and of PKCa at threonine 497 ( Figure 1F ), in accordance with our previous published results. 9 eNOS is required for CCL12/CXCR4mediated endothelial actions and different PKC isoforms mediate CXCR4 phosphorylation/activation. 13 These phosphorylation changes were blunted by AMD3100 treatment, thus confirming the importance of CXCR4 and upstream activators in LAV-BPIFB4induced vasorelaxation ( Figure 1F ). Of note, the action of AAV-LAV-BPIFB4 was not dependent on total cholesterol or LDL circulating levels, which remained similarly elevated in all after AAV-LAV-BPIFB4 treatment (Supplementary material online, Table S1 ). Moreover, LAV-BPIFB4 exerted a protective effect on oxLDL-induced endothelial dysfunction (Supplementary material online, Figure S7 ).
LAV-BPIFB4 halts vascular plaque formation
We next considered the other primary endpoint of the in vivo study, namely the progression of atherosclerosis as assessed by Echo-Doppler and histology. Ultrasound scanning of aortic arch with epiaortic vessels revealed the presence lipid plaques in ApoE knockout mice treated with AAV-GFP and AAV-WT-BPIFB4, whereas AAV-LAV-BPIFB4 gene therapy reduced the formation of vascular plaques (Figure 2A) . The quantification of the abundance of lipid streaks in aorta, which represent initial structural changes detectable in atherosclerosis, confirmed that LAV-BPIFB4 reduced vascular damage as compared to all other groups ( Figure 2B) . Moreover, the effect of LAV-BPIFB4 was lost in AMD3100-treated mice (Figure 2A and B) , thus corroborating the CXCR4-mediated protective role of LAV-BPIFB4 on the onset of the atherogenic process. Ultrastructural evaluation of the aorta, femoral, and mesenteric arteries from ApoE knockout mice showed alterations in endothelial cells, such as cytosolic derangement, diluted cytoplasm, detachment of the endothelial membrane, and broken plasma membrane. Gene therapy with AAV-LAV-BPIFB4 preserved the regular architecture of the vascular endothelium, again through a CXCR4-dependent mechanism ( Figure 2C-E ).
An imbalance of the mononuclear phagocytic system within the vascular wall is pivotal in influencing plaque initiation and progression. 14 Hence, we next verified the ability of LAV-BPIFB4 to interfere with the above mechanism by staining harvested aortic arch with CD68 þ , a marker highly expressed by monocytes and lesional macrophages, and with a-smooth muscle actin and collagen, which represent important compositional features of the atherosclerotic lesions. Results indicated that LAV-BPIFB4 reduces macrophages infiltration without loss of smooth muscle cells, a finding suggesting not only a slowing of the atherogenic process but also plaque stabilization. 15, 16 The collagen composition in the aortic arch of LAV-treated mice, evaluated by Sirius red positive area, showed a thicker fibrous cap than in vessels from other treatments, indicating a role for LAV-BPIFB4 in containing the onset and progression of the atherogenic processes ( Figure 2F ). In agreement with these findings, femoral arteries stained with the mono-macrophage marker MOMA-2 showed a marked reduction of positive cells in vessels from AAV-LAV-BPIFB-infected mice when compared with controls, an effect partially abolished by co-treatment with AMD3100 (Supplementary material online, Figure S5 ). 
LAV-BPIFB4 regulates the peripheral pool of monocytes in a CXCR4-dependent manner
The observed reductions of CD68 þ cells at the aortic arch level and of MOMA-2 positive cells in femoral arteries may reflect a redistribution of circulating monocytes in response to the treatment. Indeed, as shown by western blot analysis, peripheral monocytes and progenitor bone marrow myeloid cells expressed an enhanced level of BPIFB4 after gene therapy (Supplementary material online, Figure  S5B ). To test this, we next examined monocyte frequency in peripheral blood from mice treated with GFP, WT-BPIFB4, or LAV-BPIFB4. In particular, we focused on the two major subsets of murine monocytes: 'classical' Ly6C high and 'non-classical' Ly6C low cells. Flow cytometry analyses demonstrated LAV-BPIFB4 gene therapy causes a reduction of Ly6C low monocytes and an increase of Ly6C high monocytes when compared with controls ( Figure 3A) .
Monocyte polarization has been attributed to changes in the oscillation of CXCR4 expression on bone marrow precursor cells, which serve for the replenishment of the peripheral pool of Ly6C high monocytes. 4 Additionally, a substantial portion of Ly6C high monocytes originates from the spleen. 17 We confirmed that these central sites play a role in the observed peripheral polarization induced by gene therapy. In fact, LAV-BPIFB4, but not WT-BPIFB4 or GFP, increased the percentage of CXCR4þLy6C high cells in the bone marrow and spleen of ApoE knockout mice. A similar trend was observed in peripheral Figure 3B) . Importantly, AMD3100 contrasted the improved effect of LAV-BPIFB4 on Ly6C high cell frequency, thus supporting a role for CXCR4 in these phenomena ( Figure 3C) . Results of multiplex bead-based immunoassay showed that LAV-BPIFB4 gene therapy increases the peripheral blood levels of IL-23 and IL-27, effects contrasted by AMD3100 ( Figure 3D and E) .
LAV-BPIFB4 induces an enrichment of M2 splenic macrophages and reduces the proliferative state of T cells IL-23 and IL-27 are mainly secreted by monocytes and macrophages, and they have been recently implicated in suppression of atherosclerosis, partly controlling myeloid cell accumulation. 5, [18] [19] [20] As Ly6C high conversion to M2 macrophages has been seen to drive plaque regression in different models of atherosclerosis, 5, 17 we sought to examine whether LAV-BPIFB4 could shift the phenotype of macrophages towards the pre-resolving M2 (alternatively activated) state. Due to the limited macrophage yield from the vessel wall, we focused on readily available macrophages derived from the spleen. 21 Flow cytometry analysis of CD206/CD86, a marker of the relative proportion of M2 vs. M1 cells, indicated that LAV-BPIFB4 increased M2 monocytes in the spleen of ApoE knockout mice ( Figure 4A and B) . LAV-BPIFB4-induced polarization of monocytes towards an M2 phenotype was prevented by concomitant CXCR4 inhibition ( Figure 4B) .
M2 macrophages can reduce pro-inflammatory cytokine secretion and dampen inflammatory responses. 22, 23 Therefore, we next compared the proliferative state of CD4þ and CD8þ T cells in the spleen and peripheral blood of ApoE knockout mice treated with LAV-BPIFB4, WT-BPIFB4, or GFP ( Figure 4C and D) . Both LAV-BPIFB4 and WT-BPIFB4 reduced the abundance of Ki-67þ CD3 T cells, with AMD3100 inhibiting this effect only in the LAV-BPIFB4 group in peripheral blood compartment ( Figure 4D ). Looking at CD3 subfractions mostly affected by these changes, we found that LAV-BPIFB4 specifically reduced the abundance of proliferating cytotoxic CD8þ T cells in the spleen and in a significant manner in peripheral blood ( Figure 4D) . 
In vitro exposure of PB-MNCs to LAV-BPIFB4 protein induces M2 macrophage differentiation
In order to confirm a direct effect of LAV-BPIFB4 on macrophage polarization, we tested the effect of human recombinant LAV-BPIFB4 protein 24 on CD14þ PB-MNCs collected from atherosclerotic patients, which were induced to differentiate ex vivo into M1 or M2 macrophages, using a CellXVivo TM Kit, or into M PL macrophages, after exposure to autologous plasma. After 72 h of cytokine priming, cells were maintained in culture for an additional 72 h in the presence of LAV-BPIFB4 recombinant protein or vehicle. As shown in Figure  5A , cells harvested at the end of the conditioning included M1 macrophages displaying the canonical CD14 þ /CD206 þ /CD163phenotype, and M2 macrophages characterized by the CD14 þ /CD206 þ / CD163 þ phenotype. Flow cytometry analyses confirmed the ability of M PL to induce an M1 phenotype, whereas LAV-BPIFB4 polarized macrophages away from the M1 phenotype and towards a classical M2 anti-inflammatory state ( Figure 5A and B) . Of note, co-treatment with AMD3100 partially blunted the acquisition of the M2 phenotype induced by LAV-BPIFB4. This confirms the direct involvement of CXCR4 in LAV-BPIFB4's polarizing effects ( Figure 5C ).
Finally, in order to strengthen the concept that LAV-BPIFB4 treatment can modify the inflammatory milieu within the vasculature, we measured the levels of pro-and anti-inflammatory mediators secreted by organotypic cultures of human atherosclerotic vessels. As shown in Figure 5D , stimulation with LAV-BPIFB4 protein reduced the levels of pro-inflammatory IL-1b and TNF-a, while increasing atheroprotective IL-33. 25, 26 Moreover, LAV-BPIFB4 improved endothelial-mediated vasorelaxation and eNOS phosphorylation of human atherosclerotic vessels ( Figure 5E) . 
High plasma BPIFB4 associates with a reduction of atherosclerotic risk
Starting form a population of 2606 individuals fully characterized in the 'Progressione della Lesione Intimale Carotidea' (PLIC) study, we focused on two groups of subjects stratified for the presence of subclinical carotid atherosclerosis (respectively, lower or higher than 25% of carotid stenosis; N = 90) ( Table 1) , and evaluated plasma levels of BPIFB4. Interestingly, our data revealed that in patients with no subclinical carotid atherosclerosis, the protein's concentration was significantly higher as compared to patients with carotid stenosis ( Figure 6A) . The functional role of the circulating BPIFB4 was magnified when examining its association with IMT stratification of a cohort of 22 consecutively enrolled non-smokers, non-diabetics without previous CV events and not on statin therapy, belonging to the Campania Salute Network Registry, with hypertension as the singular cardiovascular risk factor and an absence of other comorbidities ( Table 2) . As shown in Figure 6B , BPIFB4 was significantly higher in plasma from patients with IMT <2 mm, 27 confirming a protective role of high protein levels, a finding in line with what was previously observed in the PLIC study. Moreover, genotype stratification analysis revealed that LAV carriers significantly more frequently had IMT <2 mm cohort, and that in this cohort, LAV-BPIFB4 carriers had a higher level of circulating BPIFB4 when compared with no-carriers ( Figure 6C and D) .
Discussion
In recent years, different approaches have been developed to counteract the progression of vascular atherosclerosis, including cholesterol-level lowering and inflammation modulation. Owing to the large numbers of inflammatory molecular and cellular mediators, it is unlikely that blockade of a single cytokine will be therapeutically effective. We report here new exciting results on the pleiotropic activity of LAV-BPIFB4 on different mechanisms of the atherogenic process. In particular, we demonstrate the efficacy of LAV-BPIFB4 in contrasting endothelial dysfunction, plaque formation/progression, inflammatory cytokine release, macrophage polarization, and T cell activation, in a murine model of atherosclerosis. These benefits were not associated with changes in the lipid profile. In addition, we provide ex vivo and in vitro evidence that these beneficial actions may extend to human vasculature until to be inversely associated to subclinical index of atherosclerosis in selected patients. Mechanistically, the effects of LAV-BPIFB4 seem to be attributable to a CXCR4-dependent mechanism.
Investigation of CXCR4 and CXCL12 expression revealed that the ligand and receptor are both up-regulated in stable and unstable carotid atherosclerotic plaques, especially in macrophages, compared with healthy vessels, both at the mRNA and protein level. 7 It is, however, unclear if these expressional changes are pathogenic or compensatory. Results from a recent study using a genetic approach argue for the second possibility; in fact, in ApoE knockout mice fed a high-fat diet, vascular-specific deletion of CXCR4 resulted in larger atherosclerotic lesions compared with their relative control. 28 In line with this finding, reconstitution of LDLr(-/-) mice with autologous bone marrow infected with lentivirus encoding SDF-1a antagonist or CXCR4 degrakine, which affect proteasomal degradation of CXCR4, led to progressive plaque development, intraplaque haemorrhage and disease progression. Moreover, CXCR4 knockdown augmented the adhesive capacity of neutrophils and the activation state of circulating neutrophils. 29, 30 An epidemiological study followed by functional validation with the CRISPR/Cas9 system confirmed that genetic variation of CXCR4 can confer different susceptibility to coronary artery disease. 31 Altogether, these findings open new therapeutic perspectives for the treatment of atherosclerosis through the targeting of the CXCL12/CXCR4 signalling pathway. Our study provides new evidence that this could be indeed a valuable option. In a previous investigation, we showed that BPIFB4 and CXCR4 expression concordantly distinguished healthy LLIs and correlated with maintained MNC migration towards CXCL12. 12 Here, we demonstrate that LAV-BPIFB4 gene therapy protects from atherosclerosis through a mechanism involving the CXCR4 receptor in vascular cells and MNCs.
Long-living individuals have the unique ability to age without experiencing major CVD. The present study strengthens the novel concept that the healthy phenotype of LLIs can be efficiently transferred to murine models and cultured human tissues by the delivery of either LAV-BPIFB4 or a recombinant protein. LAV-BPIFB4 gene therapy succeeded in the two primary endpoints, namely improving endothelial dysfunction and reducing adverse vascular effects in ApoE knockout mice fed a high-lipid diet. The benefit of LAV-BPIFB4 was also evidenced at the ultrastructural level in vessels: it prevented the cytosolic derangement, cytoplasmic dilution, and irregular plasma membrane observed in different vascular districts of control mice. Interestingly, LAV-BPIFB4 gene therapy did not affect the serum cholesterol profile, but it did contrast the ability of oxidized cholesterol to induce endothelial dysfunction by positively modulating the inflammatory/immune background of atherosclerosis. 32 In line with this, LAV-BPIFB4 redistributed the pool of monocyte subpopulations, redirecting them towards a pro-resolving phenotype. This was reflected by the increased abundance of CXCR4þLy6C high monocytes in bone marrow and spleen, the two major tissue reservoirs of monocytes available to mobilize towards injured tissues. In the margination process, CXCR4 is considered the retention force in the vasculature. Therefore, we speculate that the higher level of CXCR4 in blood Ly6C high monocytes after LAV-BPIFB4 treatment in mice may finely tune the transit time into the circulation, completing a protective intravascular differentiation process. In this context, recent studies have provided new interesting insight into the regulatory mechanisms of monocytosis relevant to atherosclerosis. Consistent with their functionally distinct immunological roles, newly recruited Ly6C high but not Ly6C low monocytes uniquely differentiate into proresolving M2 macrophages, driving murine atherosclerotic regression at the early stages of the disease. 5,32 Accordingly, we documented an enrichment of M2 splenic macrophages, which can contribute to dampen T cell activation and proliferation in a CXCR4-dependent manner, as AMD3100 counteracted most of the LAV-BPIFB4-mediated actions on the mono-macrophage compartment. This latter result is in keeping with the reported ability of CXCR4 to promote the acquisition of the M2 phenotype in healthy monocyte-derived macrophages. 33 Furthermore, the described influence of LAV-BPIFB4 on 
